Evaluation of the Influence of Amino Acid Composition on the Propensity for Collision-Induced Dissociation of Model Peptides Using Molecular Dynamics Simulations  by Cannon, William R. et al.
Evaluation of the Influence of Amino
Acid Composition on the Propensity for
Collision-Induced Dissociation of Model
Peptides Using Molecular Dynamics Simulations
William R. Cannon,a Danny Taasevigen,a Douglas J. Baxter,b
and Julia Laskinc
a Computational Biology and Bioinformatics Group, Computational and Information Sciences Directorate,
Pacific Northwest National Laboratory, Richland, Washington, USA
b Molecular Sciences Computing Facility, Environmental Molecular Sciences Laboratory, Pacific Northwest
National Laboratory, Richland, Washington, USA
c Chemical Structure and Dynamics Group, Fundamental Science Directorate Pacific Northwest National
Laboratory, Richland, Washington, USA
The dynamical behavior of model peptides was evaluated with respect to their ability to form
internal proton donor-acceptor pairs using molecular dynamics simulations. The proton
donor-acceptor pairs are postulated to be prerequisites for peptide bond cleavage resulting in
formation of b and y ions during low-energy collision-induced dissociation in tandem mass
spectrometry (MS/MS). The simulations for the polyalanine pentamer Ala5H
 were compared
with experimental data from energy-resolved surface induced dissociation (SID) studies. The
results of the simulation are insightful into the events that likely lead up to the
fragmentation of peptides. Nine-mer polyalanine-based model peptides were used to
examine the dynamical effect of each of the 20 common amino acids on the probability to
form donor-acceptor pairs at labile peptide bonds. A range of probabilities was observed
as a function of the substituted amino acid. However, the location of the peptide bond
involved in the donor-acceptor pair plays a critical role in the dynamical behavior. This
influence of position on the probability of forming a donor-acceptor pair would be hard to
predict from statistical analyses on experimental spectra of aggregate, diverse peptides. In
addition, the inclusion of basic side chains in the model peptides alters the probability of
forming donor-acceptor pairs across the entire backbone. In this case, there are still more
ionizing protons than basic residues, but the side chains of the basic amino acids form
stable hydrogen bond networks with the peptide carbonyl oxygens and thus act to prevent
free access of “mobile protons” to labile peptide bonds. It is clear from the work that the
identification of peptides from low-energy CID using automated computational methods
should consider the location of the fragmenting bond as well as the amino acid
composition. (J Am Soc Mass Spectrom 2007, 18, 1625–1637) © 2007 American Society for
Mass SpectrometryHigh-throughput, global proteomics assays aremaking important contributions to our abilityto understand the complex biology of cell pop-
ulations. A typical approach in global proteomics as-
says is to identify the protein complement of the cell
population by digesting the isolated proteins with tryp-
sin or another protease having high specificity [1–3].
The resulting peptides are then analyzed using chro-
matographic separation coupled to a tandem mass
spectrometer in which the peptides are dissociated into
fragments using low-energy collision-induced dissocia-
tion (CID) or other ion activation techniques. However,
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doi:10.1016/j.jasms.2007.06.005despite recent advances in the statistical sophistication
of peptide identification programs [4–10], the relative
number of tandem mass spectra identified with a pep-
tide is only in the range of 15% to 20%. Higher mass
resolution increases confidence for those peptides that
are identifiable with today’s programs; however, many
spectra are missing peaks due to major ion series
fragments and, in this case, increased mass resolution
will not necessarily help the identification. For the 80%
or so of spectra that remain unidentified with a peptide,
it is not clear how many of these spectra can be
attributed to post-translational modifications. How-
ever, clearly many of the unidentified spectra are due to
peptides for which we have limited understanding of
their fragmentation behavior and hence are not able to
accurately predict their fragmentation patterns.
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mentation models are used in which peaks due to
members of an ion series, such as the b ion series, are all
expected with equal probabilities in the experimental
spectra. This is, of course, a convenient assumption
computationally, but it is nevertheless a poor assump-
tion. This assumption has been relaxed in a recent
report by using fragmentation models in which each
member of an ion series is expected with varying
probability that depends on the position of the frag-
menting bond along the peptide backbone [4]. How-
ever, this work does not take into account the amino
acid composition of a peptide. Progress has been made
in the prediction of composition-specific fragmentation
patterns from both the perspective of kinetic modeling
[11, 12] and the examination of statistical trends involv-
ing amino acid pairs [13–15]. These are important steps
toward the development of sequence-specific fragmen-
tation models that should ultimately result in a signif-
icant increase in the number of peptides identified by
MS/MS.
The difficulty of predicting sequence-specific frag-
mentation patterns lies, of course, in the rich diversity
of the underlying chemistry. The state of our knowl-
edge of fragmentation pathways of protonated peptides
and the underlying mechanisms have been extensively
reviewed [16–20]. Many studies in the last 20 years
have lead up to the development of the mobile proton
model [21] as a fundamental shared aspect of the
several fragmentation pathways. In this model, the
proton is initially localized on a basic group such as
N-terminal amine or side chain of histidine, lysine, or
arginine, but can migrate and exchange with other
labile protons within the peptide. Two different frag-
mentation pathways are thought to be involved in this
model. In the “charge-remote” pathway, the charge is
thought to be sequestered on strongly basic groups such
as the C-terminal arginine in tryptic peptides. These
peptides typically require higher collision energies to
observe fragmentation products, which is mainly attrib-
uted to substantial rearrangement resulting in unfavor-
able entropy effects that significantly slow down the
dissociation rates [22, 23].
The second pathway involved in the mobile proton
model involves a proton that can readily move through-
out the peptide. This pathway is often referred to as a
charge-directed pathway. Isotopic studies have demon-
strated that protons initially located on the N-terminal
amine are readily exchanged with labile protons located
throughout the peptide [24–27]. Sites of protonation
and exchange can include the backbone carbonyl oxy-
gens and amide nitrogens as well as basic side-chain
groups. The fragmentation products are thought to
result from different protonated forms of the same
peptide in which the proton moves from site to site.
Hence, the fragmentation mechanism is referred to as
“charge-directed.” Protonation at carbonyl oxygens and
amide nitrogens can feasibly occur as the basic groups
containing the proton explore different dynamical con-figurations. In this case, the backbone groups solvate
the proton, which is primarily located on the either the
N-terminus or lysine and arginine side chains. We
postulate that these more basic groups are principally
involved in proton migration before fragmentation in a
manner that includes solvation by backbone carbonyl
oxygens and amide nitrogens. Alternatively, the proton
may migrate independent of the basic side chains and
N-terminal amine. Although solvation of the proton
solely by backbone carbonyls or backbone amide nitro-
gens could occur, these migration pathways are ener-
getically disfavored relative to migration of the proton
as part of more basic the N-terminal amine and the
basic side chains of histidine, lysine, and arginine. As a
result, we expect that charge-directed fragmentation
pathways can be highly influenced by the conforma-
tional dynamics of the ground state peptide.
Here we report the use of molecular dynamics sim-
ulations to understand the configurational properties of
ground state model peptides that lead up to the frag-
mentation events. Based on the postulate that proton
migration in charge-directed fragmentation occurs pri-
marily as part of the dynamical solvation of the N-
terminal amine and basic side-chain groups, the simu-
lations allow us to characterize and quantitate the
configurations that are conducive to proton transfers to
backbone groups, which are necessary for subsequent
fragmentation. The configurational properties are the
probabilities of forming proton donor-acceptor pairs of
the protonated N-terminal amino group with each of
the backbone oxygens. First, we examine the configu-
rational probabilities of the polyalanine pentamer and
compare these structural probabilities with fragmenta-
tion probabilities derived from surface induced disso-
ciation (SID) spectra obtained at different collision
energies. Subsequently, to test the differential effect of
each of the 20 amino acids on the conformations that are
conducive to proton transfer to the backbone peptide
groups, we use the 9-mer peptide polyalanine as a null
or baseline model, and then substitute at position 5 each
of the 20 common amino acids. The results are summa-
rized in the form of the probability for forming proton
donor-acceptor pairs capable of transferring a proton to
each of the backbone peptide groups for each of the
peptides examined. A wide variability of the probabil-
ity of forming donor-acceptor pairs are observed de-
pending on the substituted amino acid and the position
of the peptide bond. The variability due to the position
of the bond would be hard to predict from statistical
analyses on experimental spectra of aggregate, diverse
peptides. As expected, introducing a charge via argi-
nine, lysine, or histidine significantly disrupts the pat-
tern for forming donor-acceptor pairs across the pep-
tide backbone. In addition, for these polyalanine
derivatives, peptide bonds near the N-terminus are less
likely to be involved in donor-acceptor pairs than are
peptide bonds near the C-terminus. It is clear from the
work presented here that the identification of peptides
from low-energy CID using automated computational
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ing bond as well as the amino acid composition.
Methods
Computational Methods
The pentamer A5H
, the 9-mer A9H
, and 19 deriva-
tives of A9 and were studied. Each of the 9-mer peptides
differed by the identity of the amino acid located at
position 5. At this position, each of the commonly
occurring amino acids was substituted and different
tautomeric forms and charge states were considered.
This resulted in a total of 25 unique 9-mer peptides. For
histidine, there are two neutral isomers in which a
proton occupies the site at either the  nitrogen (His-D)
and  nitrogen (His-E), and one protonated form in-
volving protonation at both the  or  nitrogens. In
addition, doubly protonated histidine, lysine and argi-
nine derivatives as well as singly protonated structures
were investigated. All other peptides were singly pro-
tonated. The acid form of all carboxylic acid groups
were used in this study.
Extensible Computational Chemistry Environment
(ECCE) [28] was used for setting up simulations and for
building peptide structures, and the NWChem [29]
computational chemistry package was used for the
simulations. The initial configuration for each simula-
tion was the extended peptide configuration obtained
after 1000 steps of steepest descent energy optimization.
Simulations were carried out for 5 ns for each of the
peptides. For each simulation, an initial temperature of
500 K was chosen and the velocities were rescaled every
1000 time steps. The leapfrog integration method was
used with a 2 fs time step. A 5.0 nm cutoff was used for
determination of all forces and energies with the Amber
force field [30].
Configurational distribution functions were deter-
mined from the simulations as a function of generalized
coordinates. When the coordinate is the radial distance
r away from an atomic center, the distribution function
is known as the radial distribution function, g(r). The
integral of g(r) over the generalized coordinate r from
rmin to rmax is a probability (T) of obtaining a confor-
mation for which rmin  r  rmax. For the purpose of
examining proton donor-acceptor pairs, we are inter-
ested in both the radial distance between donor and
acceptor atoms and the angular dependence of hydro-
gen bond formation. Thus, the configurational distribu-
tion function formed in this manner has both the radial
and angular dependence, g(r, 1, 2). In this case, the
generalized coordinate r is the radial distance between
the proton donor group and the backbone carbonyl
oxygen at position i, and q1, and 2 are the angles
between the donor and acceptor groups as defined in
Figure 1. Integration of the distribution function results
in the probability of obtaining a configuration with
appropriate geometric parameters (r, 1, 2) for donat-
ing and receiving a proton,i(T)

2.min
2.max
1.min
1.max0
rmax
gi(r, 1, 2)drd1d2
0
20
20

gi(r, 1, 2)drd1d2
. (1)
Here rmax is the maximum distance away from the
acceptor atom that a proton can be transferred from the
proton donor to the proton acceptor atom, which we set
at 2.75 Å. We use a liberal value of rmax because of the
high-temperature used in the study. Likewise 1,min and
1,max are the minimum and maximum angles between
the donor nitrogen, proton, and acceptor oxygen at
which a proton can be transferred from donor to
acceptor, and 2,min and 2,max are the minimum and
maximum angles between the proton, acceptor oxygen
and the carbonyl carbon at which a proton can be
transferred from donor to acceptor. In practice, we set
1,min  2,min  90° and 1,min  2,min  180°. The
result of the integration is the probability of forming a
proton donor-acceptor pair at temperature T for back-
bone oxygen i, iT. The proton donor could be the
N-terminal amine as well as the side chains of lysine,
arginine, and protonated histidine. In the case of an
amino donor group, multiple hydrogen bonds can form
between a single pair of donor and acceptor atoms.
However, the contribution of each donor is only
counted only once. When more than one proton donor
is present in the peptide, as is the case in peptides
having a total charge of 2, the distribution functions
due to the different donors j can be combined into an
overall probability of forming a donor-acceptor config-
uration at backbone carbonyl i using relative weighting
factors wj,
i(T)

j
wj
2.min
2.max
1.min
1.max0
rmax
gij(r, 1, 2)drd1d2

j
wj0
20
20

gij(r, 1, 2)drd1d2
(2)
When we were simply interested in the statistics of the
various conformers of the peptides, the weighting fac-
tors used were each 1.0; alternatively, when we were
interested in the probability to actually donate a proton
we used a Boltzmann density function of the relative
Figure 1. Definition of variables used in eqs 1 and 2 for deter-
mining hydrogen bonds. The distance between the hydrogen
donor and the acceptor oxygen is r (not shown), the angle 1 is the
angle between the donor heavy atom, the hydrogen and the acceptor
oxygen, and 2 is the angle between the hydrogen, the acceptor
oxygen and the carbonyl carbon of the peptide backbone.gas-phase basicities, wi  expGj  GNterm ⁄ RT. We
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individual amino acids [31].
SID Experiments
Experiments were performed on the University of Del-
aware 7T Bruker BioApex FT-ICR Mass Spectrometer
equipped with a commercial electrospray source (Ana-
lytica, Branford, CT). The system is operated at an
indicated base pressure of 5  10–10 torr. Penta-alanine
was purchased from Sigma (St. Louis, MO) and used
without further purification. The sample was dissolved
in 50:50 (vol/vol) water-methanol solution containing a
small amount of acetic acid (1%). Sample solutions
were infused into the ESI source using a Harvard
Apparatus (Natick, MA) syringe pump at a flow rate of
10 to 50 	L/h. Detailed description of the experimental
setup for SID experiments can be found in published
work [32] and has been used for the study of related
polyalanine peptides [33, 34]. Briefly, the surface was
introduced into the ICR cell through the aperture in the
rear ICR trapping plate at 90° to the magnetic field. The
surface holder was in electrical contact with the back
trapping plate. Ions produced in the ESI source were
accumulated in the hexapole and extracted after a delay
of 0.4 s by a 100 	s extraction pulse. The ions were
transferred into the ICR cell by a series of lenses. The
ion’s kinetic energy was varied by floating the hexapole
rods, skimmer and hexapole extraction plate using an
external power supply. The SID collision energy was
determined as a difference between the source offset
and the target potentials. Scattered ions produced by
surface impact are trapped by applying 7 V potential to
both trapping plates. After an additional delay of 1 s the
ions were excited for detection by broadband chirp
excitation.
SAMs were prepared on a solid gold disk soldered
onto the surface holder. The surface was thoroughly
cleaned in a UV cleaner and immersed in a 1 mM ethanol
solution of the FC12 alkyl thiol (CF3(CF2)9C2H4SH) for at
least 24 h. Extra layers of the SAMs were removed by
four-stage rinsing (10 min ultrasonic cleaning) of the
assembly in ethanol.
Results and Discussion
For the pentamer Ala5H
, probabilities of forming donor-
acceptor pairs were determined from the radial and
angular distribution function (eq 1) from a 5 ns simu-
lation. For the purpose of demonstration, the radial
distribution function gi(r) (no angular dependence) and
the convergence of the probabilities of forming donor-
acceptor pairs based on g(r) are shown in Figure 2. The
radial distribution function in this case measures the
probability density of a donor-acceptor pair forming at
a radial distance r between the donor and acceptor
groups defined in Figure 1. In this peptide, the only
significant electrostatic interactions to compensate for
the charged N-terminal amine are those due to thebackbone carbonyl oxygens, in which the carbonyl
groups compete to orient their dipoles toward the
charged N-terminal amine. For example, the carbonyl
oxygen associated with peptide bond 4 is shown in the
top of Figure 2 (solid green line) to have a sharp peak
just below r  3.0 Å. This peak and similar ones found
in the range of 2 to 4 Å are due to configurations
involving direct interactions of the carbonyl oxygens
with the protonated N-terminal amine. From the distri-
butions, it is apparent that the the C-terminal carbonyl
oxygen (5 O) is the most likely acceptor group to be
found in a hydrogen bond with the N-terminal amine,
followed in decreasing order by the carbonyl oxygens
located at positions 4, 3, and 2. The acceptor group
labeled 5-OH is the C-terminal hydroxyl group, which
competes with the C-terminal carbonyl oxygen for
hydrogen bonding with the N-terminal amine. Since the
carbonyl oxygen has more favorable electrostatic inter-
actions with the N-terminal amine, the hydroxyl group
becomes energetically restrained at a distance 4 to 6 Å
away from the N-terminal amine. As a result, proton
transfer to the hydroxyl group that would allow for loss
of water from the peptide is relatively unlikely.
The integration of the radial distribution function
gi(r) from r  0 to a maximum distance at which direct
interactions are likely to occur gives the probability, i,
of formation of the donor-acceptor pair for carbonyl
Figure 2. (a) Radial distribution functions gi(r) of the donor-
acceptor pairs for the polyalanine pentamer. The radial distribu-
tion function counts the relative density of configurations present
at a radial distance of r between the hydrogen donor and acceptor,
as defined in Figure 1. The carbonyl oxygen for position 1 is
disproportionately high when bond angles are not taken into
account, and is therefore not shown. (b) Convergence of the radial
distribution functions as a function of simulation time.oxygen i and the N-terminal amine. Due to the rela-
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maximum value for direct interactions to be 2.75 Å. The
plot at the bottom of Figure 2 demonstrates that the
probabilities converge easily on the nanosecond time
scale. The probabilities obtained from the joint radial
and angular distribution function (eq 1) behave simi-
larly with the exception that the values are reduced
relative to those obtained using only radial dependence
since the angular constraint that the hydrogen bond
angles be between 1,min  2,min  90° and 1,min 
2,min  180° reduces the number of acceptable config-
urations. The probabilities of forming proton donor-
acceptor pairs using both radial and angular depen-
dence of hydrogen bond formation, i, at backbone
carbonyl oxygens were 0.22, 0.39, 0.45, 0.68, and 0.01 for
peptide bond positions i  2 to 4, the C-terminal
hydroxyl oxygen and the C-terminal carbonyl oxygen,
respectively.
Ideally, the relative probabilities of forming donor-
acceptor pairs at peptide bonds 2–4 can be compared
with the experimental relative abundances of b-ion and
y-ions formed as a result of peptide bond cleavages at
the corresponding positions. However, because of the
presence of multiple fragmentation pathways and con-
secutive fragmentations, the comparison is not entirely
straightforward. To demonstrate, Figure 3 (top right
inset) shows an experimental SID spectrum of Ala5H

obtained at 15 eV collision energy. The spectrum is
dominated by N-terminal fragments including an al-
most complete series of b ions (b2–b5), a1, a2, a3-NH3,
and a4 ions. In addition, two abundant C-terminal
fragments, y2 and y3 ions, are observed in the spectrum.
It is important to note that while several fragment ions
are formed directly from the protonated precursor,
Figure 3. Left: Fragment ion abundances for
fragmentation products from the SID spectra of
energy. These fragments represent the dissociat
parent ion (bottom right inset). At collision energ
fragmentations, while above 17 eV sequential fr
from a 15 eV CID spectrum.many fragments observed in the spectrum correspond
to consecutive fragmentation of the primary fragments.
Double-resonance experiments along with RRKM mod-
eling of the experimental data, described in detail
elsewhere [34, 35], revealed that b5, b4, y2, and y3 ions
are the four primary fragments of Ala5H
. All other SID
fragments are formed by consecutive fragmentation of
these primary product ions. Experimental probabilities
of peptide bond cleavages at different positions were
obtained from the experimental data by combining each
primary product ion with its subsequent fragments.
The relative abundance of the protonated precursor,
Ala5H
, and the dependence of the combined abun-
dance of the primary fragments and their consecutive
products on the collision energy are shown in the left of
Figure 3. Experimental probabilities of cleavages at bonds
2–5 of Ala5H
 were determined from the relative abun-
dance of the y3 (bond 2), y2 (bond 3), b4 (bond 4), and b5
(bond 5) ions. The probabilities of peptide bond cleavages
increase with collision energy at collision energies below
15 eV and level off at higher collision energies. Some
variations observed at higher collision energies most
likely result from multiple pathways of the formation of
some consecutive product ions that were difficult to
take into account. The overall estimate of experimental
fragmentation probabilities for peptide bonds 2–4 and
water loss at the C-terminal carbonyl are 17%, 7%, 73%,
and 3%, respectively.
Water loss from the C-terminus accounts for only 3%
of the fragmentation products. From the simulation
data, the terminal carbonyl oxygen and hydroxyl oxy-
gen account for 39 and 1% of the total probability for
forming donor-acceptor pairs, respectively. This sug-
gests that the terminal hydroxyl oxygen is the group
y2, b4, and b5 and their respective sequential
polyalanine pentamer as a function of collision
f peptide bonds 2–4 and loss of water from the
low17 eV, the parent peptides undergo single
ntations can occur. Upper right inset: spectrumy3,
the
ion o
ies be
agme
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However, without a better understanding of the me-
chanics of water loss from the C-terminus nothing
conclusive can be stated. Assuming that water loss
occurs from the C-terminal hydroxyl group, the fraction
of the total probability estimates for forming proton
donor-acceptor pairs for peptide bond positions i 2 to
4 and the C-terminal hydroxyl oxygen are 20%, 36%,
42%, and 1%.
Although only relative accuracy should be expected
from the simulations because the simulations employ
classical mechanics and cannot provide information on
bond breaking, the rank order of the estimated proba-
bilities are the same as the order of transition-state
energy barriers found by Paizs and Suhai using a higher
level theory [36]. This provides us with further confi-
dence that the probability estimates of forming donor-
acceptor pairs are related to fragmentation patterns. For
the practical purposes, the important question to be
answered is whether probabilities derived from theory
and simulations can provide more accurate model frag-
mentation patterns than generic fragmentation patterns
that are currently used. In most current fragmentation
patterns that are used for identifying peptides [6, 8], it is
assumed that all ions from an ion series such as b and y
ion series occur with the equal abundance. Recent work
extended these fragmentation patterns to vary as a
function of location of the peptide bond [4]. However,
as will be suggested later, both position of the peptide
Figure 4. (a) Radial distribution functions gi(r) of the donor-
acceptor pairs for the 9-mer polyalanine. The carbonyl oxygen for
position 1 is disproportionately high when bond angles are not
taken into account, and is therefore not shown. (b) Convergence of
the radial distribution functions as a function of simulation time.bond and the sequence composition of the peptide areessential for accurate prediction of model spectra. Un-
fortunately, the influence of position and sequence
composition are inseparably intertwined and it is not
likely that statistical characterization of fragmentation
patterns that do not simultaneously account for both
will result in accurate predictions for specific peptides.
For nonamer Ala9H
, the radial distribution function
gi(r) and the convergence of the probabilities of forming
donor-acceptor pairs are shown in Figure 4. As before,
the radial distribution function measures the probabil-
ity density of a donor-acceptor pair forming at a radial
distance r between the donor and acceptor groups
defined in Figure 1. In the nonamer polyalanine as in
the pentamer, the only significant electrostatic interac-
tions to compensate for the charged N-terminal amine
are those due to the backbone carbonyl oxygens. For
example, the carbonyl oxygen associated with peptide
bond 5 is shown in the top of Figure 4 (solid blue line)
to have a sharp peak just below r  3.0 Å and a smaller
peak just above r 7.0 Å. The peak near r 3.0 Å is due
to configurations having a direct interaction of this
carbonyl oxygen with the protonated N-terminal
amine. Since the peak near r  7.0 Å is at a distance
greater than the distance expected for a direct interac-
tion, it is very likely due to a local minima in the
potential energy surface in which other carbonyl oxy-
gens directly solvate the N-terminal amine, and car-
bonyl oxygen 5 is restrained at a distance 7 Å away.
The structure shown in Figure 5 is a snapshot of the
trajectory in which the general conformational features
involved in solvation of the N-terminal amine can be
seen. In this case, the carbonyl oxygen associated with
peptide bond 5 directly solvates the N-terminal amine
while the carbonyl oxygen associated with position 4 is
held at a greater distance from the N-terminal amine.
The peptide adopts conformations such that the charge
on the N-terminal amine can maximize solvation by the
dipoles of the backbone carbonyl groups.
The integration of the radial distribution function
Figure 5. A representative conformation for polyalanine. The
principal interaction that drives the conformations is the solvation
of the N-terminal charge by backbone dipoles of the carbonyl
oxygen.
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interactions are likely to occur gives the probability, i,
of formation of the donor-acceptor pair for carbonyl
oxygen i and the N-terminal amine. The visualization of
the simulation (movie) shows that the carbonyl oxygens
at positions 6 to 9 spend more time solvating the charge
on the N-terminus than the carbonyl oxygens at posi-
tions 2 to 4. This behavior is quantified by the time
dependence of i in the bottom plot of Figure 4. In
addition, the plot demonstrates that the probabilities
converge easily on the nanosecond time scale.
From the perspective of fragmentation through an
amide oxygen pathway [17], the high probability of
forming proton donor-acceptor pairs at carbonyl oxy-
gens in positions 6 to 9 would imply, but not necessi-
tate, that fragmentation will be more likely at peptide
bonds near the C-terminus. For other pathways such as
those involving protonation of backbone amide nitro-
gens, a local minima on the pathway between transfer
Figure 6. Heat map of probabilities for formin
row represents a derivative of the 9-mer polyala
hand side is substituted at position 5. Each colu
Each peptide carries a 1 charge on the N-term
peptides in which the charge was located on the
standard deviation of the probabilities down the
just those peptides carrying the charge at the N
hand side of the figure represents a sum of the pr
number of hydrogen bonds formed at 500 K in t
and 90°  2  180°.of the proton from the N-terminal amine to the back-
bone amide is the intermediate protonation of the
carbonyl oxygen associate with the peptide bond con-
taining the amide. As a result, kinetics of the protona-
tion of the backbone oxygen will still influence the
kinetics of the fragmentation.
The results for the probability of forming donor-
acceptor pairs as a function of r, 1, and 2 for the set of
22 singly protonated peptides studied are summarized
in the heat map shown in Figure 6. Each row of the heat
map represents a derivative of the 9-mer polyalanine
peptide in which each of the naturally occurring amino
acids are in turn substituted at position 5. There are two
tautomeric forms of neutral forms of histidine to con-
sider in which a proton is located on either the 
nitrogen (His-D) or  nitrogen (His-E), and one proton-
ated form of histidine (His 1) in which protons are on
both the  and  nitrogens. The preferred neutral
tautomer, His-D or His-E, is highly dependent on the
nor-acceptor pairs at backbone positions. Each
in which the amino acid indicated along the left
represents a backbone positions in the peptide.
with the exception of the Arg, His1, and Lys
chain. The bottom two histograms represent the
ective column for all peptides (middle) and for
inus (bottom). The histogram along the right
ilities across each row and indicates the average
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in Figure 6 the proton donor is the N-terminal amine,
except for histidine (His  1), lysine and arginine in
which case the proton donor is the respective side-
chain. The columns of the heat map represent each
position along the peptide backbone from 1–9. Each cell
in the heat map then represents the donor-acceptor
probability  for a specific backbone position for a
specific peptide.
As can be seen from the heat map, the variability
across each row is greater that the variability down any
column. Generally, the probability of obtaining a donor-
acceptor configuration is much higher at positions
toward the C-terminus than it is for positions towards
the N-terminus. The reason for this is that electrostatic
compensation of the 1 charge on the N-terminal
amine is most effective when the internal solvation of
the charge includes the C-terminal carboxyl group,
which can form two donor-acceptor interactions with
the N-terminal amine. An obvious conclusion derived
from the variability is that position along the backbone
significantly effects the formation of proton donor-
acceptor configurations. This influence of position on
the probability of forming a donor-acceptor pair would be
hard to predict from statistical analyses on experimental
spectra of aggregate, diverse peptides. In addition, each
substituted amino acid at position 5 of the 9-mer peptide
influences the formation of donor-acceptor configurations
across all backbone positions. However, as expected, the
variability down columns corresponding to positions 4
and 5 of the peptide, which flank the location of the
side-chain of the substituted amino acid, approach the
variability observed across the rows. This implies that
variability in forming proton donor-acceptor pairs at
specific peptide bonds must consider both position and
amino acid composition.
The bottom two panels of Figure 6 display the
standard deviation of i for each backbone position,
which measures the variability across all peptides of the
probability of forming proton donor-acceptor pairs at
position i. The middle panel shows the standard devi-
ation for all peptides while the bottom panel shows the
standard deviation for the peptides protonated on the
N-terminus (i.e., no lysine, arginine, and protonated
histidine containing peptides). The variability is great-
est at positions 4 and 5 for N-terminal protonated
peptides, as expected. The variability then decreases as
one moves away from the position of substitution
(position 5) as one might expect, with the exception that
the variability is somewhat higher at the C-terminal
most position. This variability at positions remote from
the site of substitution is due to the conformational
dynamics of the peptide such that the hydrogen bond
network that solvates the charge is constantly changing.
When the peptides containing lysine, arginine, and
protonated histidine are considered, the largest impact
on the probability of forming acceptor-donor pairs is at
positions 6 and 7. This effect is due to the close
proximity in space of the positively charged side-chainwith the backbone carbonyl groups at positions 6 and 7.
Proton donor-acceptor pairs at positions 6 and 7 are
favored over the analogous positions 2 and 3 because
the former positions also readily allow for simultaneous
interaction with the C-terminal acid group. This sug-
gests that statistical training on large data sets of
experimental spectra to elucidate fragmentation pat-
terns should separately examine lysine, arginine and
histidine-containing peptides in a manner similar to
that used by Huang et al. [39].
When comparing the probability of forming donor-
acceptor pairs at select positions between individual
peptides, it must be kept in mind that the results are
qualitative. Errors arise principally from two sources,
the mathematical model and sampling statistics. The
molecular mechanics force field used in the simulations
is an imperfect mathematical model of the quantum
mechanical force field. Errors arising from statistical
sampling can be estimated from the fluctuations in the
probability shown over the last 3 ns of the simula-
tions. For the polyalanine simulation, these probabil-
ities can be seen to converge within 0.05 in Figure 4
over the last 3 ns of the simulation. The implication is
that small differences in tones of individual cells are
not significant.
In addition, the probability of forming proton donor-
acceptor pairs for different amino acids are all dis-
cussed below relative to the effect that alanine has at the
same position. We do this to control for the influence of
position on forming proton donor pairs, which is less
attainable in experimental studies. Analogous experi-
mental studies have examined N- versus C-terminal
fragmentation propensities within each amino acid. We
prefer the comparison to the analogous positions in
alanine because there is likely a significant position-
dependent effect when comparing the probabilities at
the positions flanking the substituted amino acid. As a
result, in the discussion below it is possible to have both
enhanced probabilities of forming donor-acceptor pairs
at both the N- and C-terminal sides of the amino acid.
With these caveats in mind, we can compare the prob-
ability of forming donor-acceptor pairs for individual
peptides on a qualitative basis.
For the polyalanine derivatives, proline and methio-
nine containing peptides show an enhanced probability
of forming donor-acceptor configurations at the N-
terminal side of the substituted amino acid (position 4)
relative to alanine. Proline is well known to show
enhanced fragmentation on the N-terminal side of the
residue [40]. The correlation of the available conforma-
tional space of the backbone 
,  dihedral angles of
proline with fragmentation behavior has been noted
previously by Huang et al. [41]. This is not to say all of
the propensity of proline to fragment on the N-terminal
side can be attributed to mechanics, however. Proton
transfer from the carbonyl oxygen of the peptide bond
to the amide nitrogen is likely necessary for fragmen-
tation to occur, and the amide nitrogen of proline has
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basicity than previously thought [42].
In contrast, 14 of the peptides show an enhanced
probability of forming donor-acceptor configurations at
the C-terminal side of the substituted amino acid (po-
sition 5) relative to alanine. At 500 K, this series pro-
ceeds as follows:
Lys  His1  His-E  Asn  Arg  Leu  Val 
Gln  Asp  Cys  Phe  Ser  Glu  Met
Lysine, histidine (His1 and His-E), asparagine, and
arginine show particularly strong probability of form-
ing donor-acceptor configurations on the C-terminal
side of the position of substitution for these model
peptides. The propensity for histidine to fragment on its
C-terminal side has been reported for doubly proton-
ated tryptic peptides [15, 43] Although not observed in
the model peptides described here, we have prelimi-
nary evidence from simulations of lysine-terminated2
tryptic peptides that Asp and Glu also have a tendency
to show increased probability of formation of donor-
acceptor pairs on the C-terminal side of the residue. In
these cases, the C-terminal lysine is the proton donor.
From the heat map in Figure 6, one can also compare
the probability of forming donor-acceptor pairs for the
carbonyl oxygens of the peptide bonds flanking the
substituted amino acid. For example, proline, methio-
nine, and tyrosine all show preference for forming
donor acceptor pairs at the N-terminal flanking car-
bonyl oxygen. Proline has been discussed above. For
methionine, whether N- or C-terminal donor-acceptor
pairs dominate is sensitive to the angles (Figure 1) used
for determining hydrogen bonds. In contrast, for ty-
rosine the pattern is the same regardless of the hydro-
gen bond angles used. The major driving force in this
case appears to be maximization of hydrogen bonds
throughout the low-energy conformations, which en-
tails rotation of the tyrosine side chain out of interaction
with neighboring residues. However, the difference
between N- and C-terminal donor-acceptor pair forma-
tion here does not appear to be large. It would likely be
premature to generalize these trends to more complex
peptides because we have not examined how these
relative probabilities would change as a function of the
site of substitution. Moreover, non-model peptides that
have diverse amino acid compositions, unlike those
studied here, may differ significantly from polyalanine
derivatives.
The sum of the probabilities across each row of the
heat map in Figure 6 is the number of donor-acceptor
pairs that are formed, on average, in each configuration
of the model peptide and is shown on the right-hand
side bar graph of Figure 6. Generally, between one and
two donor acceptor pairs are formed for each of the
peptides at a temperature of 500 K. At lower tempera-
ture, this number will likely increase due to the peptide
reaching a stable local minima of state space and, con-
versely, at higher temperatures the peptides are expected
to have fewer donor-acceptor pairs. The most surprising
observation is that the model peptides containing arginineand protonated histidine contain the fewest donor-
acceptor pairs. This is especially apparent when com-
paring the total number of hydrogen bonds for proton-
ated histidine (His  1) to HisD, and HisE, which
carry the 1 charge on the N-terminal amine. The
reason for this is the geometry requirements for form-
ing donor-acceptor pairs in these species. Typical con-
figurations for the lysine, protonated histidine and
arginine peptides having a total charge of1 are shown
in Figure 7. Unlike the protonated N-terminal amino
groups and the side-chain amino group of lysine which
are roughly spherical and have approximately C3 sym-
metry, histidine and arginine are planar and have less
than C2 symmetry. The net result is that the lower
symmetry of the latter species results in a lower prob-
ability of forming favorable geometries for proton
transfer. Likely this geometrical effect also contributes
to the gas-phase basicity of these groups.
The results for doubly protonated arginine, lysine,
and histidine derivatives are shown in Figure 8. The top
Figure 7. Representative conformations of the arginine, proton-
ated histidine, and lysine derivatives of polyalanine carrying a
total charge of 1. The principal driving force in these peptides is
the solvation of the protonated side-chain moieties by the back-
bone dipoles of the carbonyl oxygens. Residues 1–4 (left hand
side) maximize formation of hydrogen bonded pairs by forming
helical structures, while the backbone oxygen of residue 5 and the
terminal carboxylate group of residue 9 (right hand side) tend to
be principally involved in solvation of the side-chain groups.
e N-t
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forming proton donor-acceptor pairs, similar to that
shown for singly protonated species in Figure 6. In
comparison to the singly protonate species, the proba-
bility of forming donor-acceptor pairs is increased dra-
matically as can be seen by the histogram of the average
number of donor-acceptor pairs on the right hand side
of Figure 8. Each peptide forms in excess of two proton
donor-acceptor pairs in comparison to the 1.5 to 2
donor-acceptor pairs formed for the singly protonated
species. This increase in number of donor-acceptor
pairs occurs primarily at positions 4 to 9, as evidenced
by the increased probabilities for forming such pairs at
those sites.
However, when the gas-phase basicities of the donor
side chains are taken into account using eq 2, very
different statistics emerge. The bottom three rows of the
heat map in Figure 8 are adjusted to account for the
difference in the proton donating ability of the side-
chain groups relative to the protonated N-terminus by
weighting the probabilities using gas-phase basicities.
Again, the sum of the probabilities across each row of
the heat map is the number of donor-acceptor pairs that
are formed, on average, in each configuration of the
model peptide and is shown on the right-hand side bar
graph. As a result, this bar graph summarizes the total
number of viable proton donor-acceptor pairs for each
peptide. As can be seen, the number of viable donor-
acceptor pairs is significantly reduced when gas-phase
basicities are taken into account, particularly at posi-
tions 4 and 5. For lysine, this reduction is dramatic and
results in fewer donor-acceptor pairs for the2 peptide
than for the comparable 1 peptide. This non-intuitive
behavior is a result of competition of the charged
groups to be solvated by the backbone carbonyl oxy-
gens. A representative configuration of the lysine con-
taining peptide is shown in the bottom of Figure 9, in
which the protonated amine of the lysine side-chain is
seen to be solvated by the backbone carbonyl oxygens.
The lysine-containing peptide roughly equally solvates
the side-chain amine and the N-terminal amine. The
reason for this is likely due to the roughly spherical
symmetry of the side-chain amine, which is similar to
Figure 8. Heat map as in Figure 6 of probabi
positions of doubly protonated peptides. The
donor-acceptor pairs equally, while the bottom
basicities of the side-chain groups relative to ththat of the N-terminal amine. Due to charge–chargerepulsions between the amines, this also leads to move-
ment of the N-terminal amine to an extended position
in which it has little contact with backbone oxygens in
50% of the configurations. This is verified by deter-
mination of the individual radial distribution function
between each amine group and the respective backbone
oxygens (not shown). However, the gas-phase basicity
of the side-chain amine is roughly 20 Kcal/mol greater
than that for the N-terminal amine. The consequence is
that higher collision energies (and a higher simulation
temperature) would be required for this peptide to
obtain configurations that are conducive to fragmenta-
tion relative to the other polyalanine derivatives.
In contrast, the protonated side chains of arginine
and histidine do not compete as well as the N-terminal
amine for solvation by the backbone carbonyl groups.
Representative configurations for the histidine and ar-
ginine containing peptides are shown in the top and
middle of Figure 9, respectively, which can be com-
pared with the typical configurations for the 1 species
shown in Figure 7. Unlike the lysine derivative, these
peptides form a strand structure in which the N-
terminal amine is preferentially solvated over the side-
chain groups. In the strand structures, the N-terminal
amine is highly solvated by the C-terminal most back-
bone oxygens. Charge–charge repulsion again results
in separation of the charged groups such that the
distance between the charges is maximized, however in
these two cases it is the side-chain groups that are in
extended configurations. As a result, the number of
viable donor-acceptor pairs is not reduced by gas-phase
basicities as greatly as it is for lysine.
Conclusions and Future Work
The 20 common amino acids show a wide range of
probabilities for forming donor-acceptor pairs in model
peptides that can lead to fragmentation. However, in
peptides that are more complex, these tendencies to
form donor-acceptor pairs will be greatly influenced by
the specific amino acid composition of the peptide. This
makes it difficult to describe these properties as fast and
hard rules for single amino acids or even pairs of amino
for forming donor-acceptor pairs at backbone
three rows count side-chain and N-terminal
rows take into account the different gas-phase
erminus.lities
top
threeacids. In addition, clearly the location of the fragment-
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understanding behavior leading up to fragmentation,
and the use of summary statistics regarding the frag-
mentation of a pair of amino acids independent of
position can potentially lead to significant errors in
estimating the propensity of a bond in a specific peptide
to undergo fragmentation.
The inclusion of basic side chains in a peptide and
the charge state of a peptide critically influence the
dynamic behavior of the peptide. Not only are basic
side chains less likely to give up a proton than the
N-terminal amine, but in peptides that would be clas-
sified as containing a “mobile proton” (doubly proton-
ated for the set of peptides studied here), they also
block free access of the N-terminal amine to the back-
Figure 9. Representative conformations of the doubly proton-
ated arginine, histidine, and lysine derivatives of polyalanine. In
these peptides, the protonated amine on the N-terminus competes
with the protonated side-chain groups for solvation by the back-
bone carbonyl oxygens. Due to charge–charge repulsion, the two
charge groups act to move as far apart from each other as possible.
As a result and in contrast to the respective singly protonated
species, the peptides tend to form sheet-like structures, which
maximally moves the side-chain charge away from the solvated
charge in the N-terminal amine and allows formation of as many
hydrogen bonded pairs as possible.bone carbonyl groups. The counter-intuitive conclu-sion, at least for the model peptides examined here, is
that we would expect doubly protonated peptides con-
taining even a single lysine, histidine, or arginine to
require more collision energy for fragmentation than
singly protonated peptides containing no histidine,
lysine, or arginine. This counter-intuitive behavior fol-
lows from the competition of the charged moieties for
solvation from the backbone groups. This hypothesis is
testable with the use of isotope exchange studies at
varying collision energies. Ironically, it is the close
proximity of side chains of the “charge remote” amino
acids to labile bonds that results in this behavior.
On a more general note regarding peptide identifi-
cation programs, we must understand low-energy frag-
mentation mechanisms and dynamics better to more
accurately predict fragmentation patterns that can be
used to increase the number of peptides identified from
MS/MS. Both the learning of fragmentation patterns
from statistically analyzing large data sets and the use
of molecular level simulations of peptides have in-
herent weaknesses but complementary strengths. The
learning of fragmentation patterns from large sets of
confidently identified peptides is inherently biased
towards the generic fragmentation patterns used by
current peptide identification methods. In addition,
significant undersampling occurs because it is not ex-
perimentally feasible to build a large enough training
set that would represent all possible combinations of
amino acids at every position in peptide. For example,
statistically learning patterns for all 6-mer peptides
would require 206 peptides to be considered. The use of
spectral libraries in which a spectrum due to an un-
known peptide is compared with spectra from known
peptides is very promising [44–46] but is limited to
those peptides that are initially identifiable with current
computational methods.
In contrast, it is feasible with next generation com-
puters to consider the simulation of a genomes worth of
tryptic peptides. In this approach, it would not be
necessary to learn all possible fragmentation patterns,
but only those that are relevant to the species under
study and only for those peptides for which spectral
libraries are not available. Unfortunately, molecular
simulations using classical mechanics inherently cannot
address the transition-state energetics involved in frag-
mentation, and thus will provide imperfect informa-
tion. The use of hybrid classical-quantum mechanics
simulations that would include transition-state energet-
ics is not practically feasible with current computational
hardware due to the processing time. However, the
short-comings of both statistical learning and simula-
tions are not fatal to the concept of generating sequence-
specific fragmentation patterns for peptide identifica-
tion because the utility of these approaches will be
judged by whether they provide better information
than the current state-of-the art technology. Currently,
this bar is set rather low due to the generic fragmenta-
tion models that are used to evaluate peptide MS/MS
spectra. Likely the combination of statistically learning
1636 CANNON ET AL. J Am Soc Mass Spectrom 2007, 18, 1625–1637fragmentation patterns from large data sets and the use
of simulations to provide information on ground state
configurations will be combined to provide relatively
accurate fragmentation models in cases where spectral
libraries are not available. This may result in significant
increases in the number of peptides correctly identified
from global protein digests. However, to combine these
approaches optimally we must understand the cases in
which they fail. This will require further experimental
study of a diverse set of model peptides.
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